The optical properties of the superconducting single crystal Rb 0.8 Fe 1.68 Se 2 with T c ≃ 31 K have been measured over a wide frequency range in the ab plane. We found that the optical conductivity is dominated by a series of infrared-active phonon modes at low-frequency region as well as several other high-frequency bound excitations. The low-frequency optical conductivity has rather low value and shows quite small Drude-like response, indicating low carriers density in this material. Furthermore, the phonon modes increase continuously in frequency with decreasing temperature; specifically, the phonon mode around 200 cm −1 shows an enhanced asymmetry effect at low temperatures, suggesting an increasing electron-phonon coupling in this system.
Introduction
The discovery of superconductivity in the ternary iron selenides A y Fe 2−x Se 2 (A = K, Rb, Cs, ...) [1, 2, 3, 4] has triggered great interest not only because of its relatively high value for T c (over 30 K), but also for its unique properties absent in other iron-based superconductors. First, in this system the superconductivity is found to be induced from an antiferromagnetically insulating phase [4] , different from other iron-based superconductors where the superconductivity is evolved from a spin-density-wave type metal [5, 6, 7] . Further, the hole pockets at the center of the Brillouin zone are absent, leaving just the electron pockets at the corner of the zone [8, 9, 10, 11] , which suggests that the inter-pocket scattering between the hole and electron pockets is not an essential ingredient for superconductivity in this system. Moreover, Fe vacancies are found to be present and form the √ 5 × √ 5 × 1 I4/m ordered pattern in the lattice [12, 13, 14, 15] . In addition, evidence for phase separation and coexistence of magnetism and superconductivity has also been observed [14, 15, 16, 17, 18, 19, 20, 21, 22, 23] .
The superconductivity in iron-based superconductors is believed to occur beyond the conventional electron-phonon coupling mechanism [24, 25] , and the pairing mechanism is proposed to be mediated by exchange of the antiferromagnetic spin fluctuations [26, 27] . In this newly discovered iron selenides system, a number of Raman-active phonon modes [13, 28] as well as phonon anomalies associated with a rather specific type of electron-phonon coupling [13] have been observed in Raman-scattering studies. Moreover, the measurements of optical conductivity have also identified a series of infrared-active phonon modes in the far infrared region as well as a number of high-frequency bound excitations [22, 23, 29, 30] . Additionally, nuclear magnetic resonance (NMR) experiments suggest that spin fluctuations are weak [16, 31, 32] . All the above results give evidence for the possible role played by electron-phonon coupling to the appearance of superconductivity in this system. In this work, we performed optical spectroscopy measurements on the superconducting single crystal of Rb 0.8 Fe 1.68 Se 2 with T c ≃ 31 K. Our results show that the Rb 0.8 Fe 1.68 Se 2 presents similar optical conductivity features as the previous reports in K y Fe 2−x Se 2 [22, 23, 29] . Moreover, we found that the phonon mode around 200 cm −1 displays remarkable asymmetry effect at low temperatures. A detailed Fano line shape analysis suggests a strong coupling between lattice and electronic background.
Experiments
High quality Rb 0.8 Fe 1.68 Se 2 (T c ≃ 31 K) single crystals were grown by the Bridgeman method and the composition of the samples were determined by the ICP analysis method [33] . The ab-plane reflectivity R(ω) was measured at a near-normal angle of incidence on BOMEN DA8 FT-IR spectrometers. An in situ gold overfilling technique [34] was used to obtain the absolute reflectivity of the sample. Data from 40 to 12 000 cm −1 were collected at different temperatures from 5 K to 300 K on freshly cleaved surfaces on an ARS-Helitran crysostat. We extended the reflectivity to 50 000 cm −1 at room temperature with an AvaSpec-2048 × 14 optical fiber spectrometer. The real part of the optical conductivity σ 1 (ω) was determined from the reflectivity through Kramers-Kronig analysis [35] .
Results and discussion
Figure 1(a) shows the temperature dependence of the reflectivity R(ω) for Rb 0.8 Fe 1.68 Se 2 over broad frequencies up to 10 000 cm −1 . Over all, the reflectivity has a rather low value around 0.4 reflects the characteristic of a poor metal. As a comparison, we plot the reflectivity for Rb 0.8 Fe 1.68 Se 2 and Ba 0.6 K 0.4 Fe 2 As 2 at 300 K in the inset of Fig. 1(a) . The reflectivity for Ba 0.6 K 0.4 Fe 2 As 2 is about twice higher than that for Rb 0.8 Fe 1.68 Se 2 . Moreover, the reflectance spectrum for Rb 0.8 Fe 1.68 Se 2 is dominated by a series of sharp features associated with the infrared-active vibrations in the low-frequency region as well as other high-energy electronic state features. Figure 1 (b) displays the temperature dependence of the conductivity σ 1 (ω) for Rb 0.8 Fe 1.68 Se 2 in the low-frequency region. At room temperature σ 1 (ω) is dominated by a series of infrared-active phonon modes (indicated by the red arrows in Fig. 1(b) ) superposed on a flat and incoherent electronic background. The large number of the low-frequency infrared-active phonon modes is beyond the observation in BaFe 2 As 2 (I4/mmm), where only two in-plane infrared-active phonon modes are observed [36] . As the temperature is reduced, the phonon modes narrow and increase slightly in frequency, meanwhile, the electronic background increases slightly and a small Drudelike response emerges. In addition to the low-frequency vibrational features, there are several broad bound excitation features observed at high frequency, as shown in the inset of Fig. 1(b) . The three prominent features are located at 700, 4300, and 5700 cm −1 , which have also been observed in the K-and Rb-doped iron selenides in previous optical studies [22, 23, 29, 30] , and are labeled as γ, α, and β, respectively. The high-frequency bound excitation features were thought to be highly related to the Fe vacancies and their orderings in this system [29] , where the Fe vacancies form a [12, 13, 14, 15] .
The optical conductivity can be described by the Drude-Lorentz model:
where Z 0 is the vacuum impedance. The first term describes a sum of freecarrier Drude responses, each characterized by a plasma frequency Ω p,j and a scattering rate 1/τ j . The square of plasma frequency Ω 2 p is proportional to n/m, where n and m refer to the density and effective mass of conduction electron. The second term is a sum of Lorentz oscillators, each having a resonance frequency ω 0,k , a line width γ k and an oscillator strength S k . Figure 2 shows the results of the Drude-Lorentz fit to the conductivity at 300 K [ Fig. 2(a) ] and 40 K [ Fig. 2(b) ]. We use five Lorentz oscillators to reproduce the five major phonon modes and one Lorentz components to describe the interband transition near 700 cm −1 . In addition to these Lorentz terms, we have to use a narrow and a broad Drude terms to reproduce the lowfrequency free carrier contributions. As can be seen, the model reasonably reproduces the σ 1 (ω) spectrum. The plasma frequency of the Drude terms is Ω p,1 ≃ 178 cm −1 and Ω p,2 ≃ 368 cm −1 at 300 K, Ω p,1 ≃ 230 cm −1 and Ω p,2 ≃ 742 cm −1 at 40 K. The total plasma frequency is given by Ω pD = Ω at 40 K, which is about one order smaller than those of other iron-based superconductors [37, 38, 39] . The small value of Ω pD is consistent with the low carrier density in this material. The vibrational parameters for the three most prominent phonon modes in Rb 0.8 Fe 1.68 Se 2 observed around 230 cm −1 , 200 cm −1 , and 150 cm −1 at 300 K and 5 K are summarized in Table 1 . The detailed temperature dependence of the phonon frequency for the three phonon modes are shown in Fig. 2(c-e) . As we can see, the phonon frequency increases continuously with decreasing temperature. Additionally, as shown in Fig. 2(b) , we notice that there exists a strong asymmetric effect for the phonon mode around 200 cm −1 at low temperatures, while the Lorentzian oscillator was insufficient to accurately describe this line shape. The asymmetric line shape is general, and coupling of a lattice mode to a continuum of charge or spin excitations often produces such an asymmetric line shape [40, 41] .
The Fano line shape analysis can help us to understand the underlying coupling. Following the Fano theory [40] , the optical conductivity σ 1 (ω) of such coupled system can described by the formula [42] :
The above Fano line shape description is a modified form of the standard Lorentz oscillator. The asymmetry is described by a dimensionless parameter q, where the symmetric Lorentz line shape is completely recovered in the limit 1/q → 0. The parameter q is inversely related to the strength of the interaction. The sign of q determines the energy range that the phonon is coupled. For example, in the case of q < 0, a line shape that dips on the high frequency side of the phonon frequency ω 0 , indicates the phonon is interacting with a continuum at lower energies. As shown in Fig. 3(a) , the sharp phonon mode around 200 cm −1 can be well reproduced by replacing the Lorentz oscillator with the Fano oscillator. The Fano fit parameters at 300 K and 5 K are shown in Table 1 . We can see that this phonon mode shows a strong asymmetry with q ≃ −5.3 at 5 K, and presents a weak asymmetry at room temperature (q ≃ −27.3) that tends to a Lorentz line shape. The negative sign of q suggests that this phonon mode interacts with a continuum at lower energies. The temperature dependence of the Fano parameters for this phonon mode is shown in Figs. 3(b)-3(c) . From Fig. 3(b) , one can see that ω 0 increases continuously and the line width γ narrows almost linearly with decreasing temperature. Note that due to the Fano line shape, ω 0 is larger than the position of the Lorentz oscillator fit, the difference being dependent on the asymmetry parameter q, ∆ω 0 ≃ 0.3 cm −1 at 300 K and ∆ω 0 ≃ 1.1 cm −1 at 5 K. The black triangle in Fig. 3(c) shows the temperature dependence of the asymmetry parameter q. As we can see, the asymmetry effect increases with decreasing temperature and becomes saturated at low temperatures. Meanwhile, as shown by the blue open triangle in Fig. 3(c) , we can also see a corresponding increase in the lattice mode intensity.
The enhanced asymmetry effect at low temperatures implies an increased spin-lattice or electron-lattice coupling. Nevertheless, the NMR experiments have evidenced that the spin lattice relaxation rate 1/T 1 in this system is decreased at low temperatures [16, 31, 32] . Thus, this brings up the possibility of changes to the electronic states in this system. Indeed, our results as well as the previous optical results [22, 23, 30] all suggest that the optical conductivity in this system is almost incoherent at room temperature and becomes more coherent at low temperatures. Therefore, the increase in asymmetry can be understood by considering that the coherent electronic states are continuously increased as the temperature is reduced. Such increase of the coherent quasiparticles results in the enhanced coupling of the lattice mode to the electronic states.
Conclusion
In summary, we performed optical measurements on the superconducting single crystal of Rb 0.8 Fe 1.68 Se 2 . We found that the optical conductivity is dominated by a series of sharp features associated with the infrared-active phonon modes in the low-frequency region as well as several high-frequency bound excitations. As the temperature is reduced, the phonon modes increase continuously in frequency and a Drude-like low-frequency response emerges, but the fitted value Ω pD is quite small, indicating low carriers density in this material. Moreover, the phonon mode around 200 cm −1 shows a strong asymmetry effect and a corresponding increase in the phonon mode intensity at low temperatures due to the increased coherent electronic states, suggesting a strong electron-phonon coupling in this system. This electronphonon coupling may play a role in the the appearance of superconductivity in this iron selenides system. 
